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Gauge invariance is a basic requirement in gauge theories. Only gauge-invariant operators correspond to physical 
observablcs. Then how to construct gauge-invariant operators(or functionals) out of gauge-variant ones is of funda- 
mental importance since the advent of these theories. In the literature this problem has been intensively studied. 
For example in |) a kind of dressing is used to construct gauge-invariant constituent quark and gluon fields out 
of gauge-variant bare ones. In the literature there also exist a kind of recipe of formally averaging out any gauge 
£>y dependence to produce a gauge invariant functional || . In this paper we will show that the latter method is erroneous 
and inapplicable for a large class of operators(or functionals). Here we restrict ourself in quantum electrodynamics. 

First let us describe this averaging procedure. For an arbitrary functional O [</>], gauge invariant or not, we can 
always define a functional Go[</>] = J Du>0[4> u ] where d> denotes gauge or matter fields, <ff denotes the result of cf) 
after a gauge transformation u> and J Dlo stands for functional integration over the gauge group (here we choose the 
normalization so that J Du> = 1). Using the property J Du)f(ui) — J Duif(uioui) we can easily prove that Go[</>] is 
, gauge-invariant: 
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\o 
o 
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O ' = / DluOI 

o ■ 

O. =G {4>] (i) 



Go[0"°] = J DuO[<t> u 



This procedure formally gives a gauge-invariant functional. One nontrivial example is provided by the Faddeev- 
Popov trick || in quantizing a gauge field theory using functional integral methods. The Faddeev-Popov determinant 
qj?' Ap[A] defined by 

> : A F [A] / Du6(F[A»]) = 1 (2) 

X ■ 

5.^ ■ is gauge-invariant where F[A] is a suitable gauge-fixing functional. 

In the following we will show that for a class of functionals this kind of averaging procedure is erroneous and 
inapplicable. 

First let us take 0[4>] to be A^(x). In this case we will show that the averaging procedure is inapplicable. Now 
O[0"] = A^(x) + d^6(x) and formally integrating over uj yields 

Go[(f>] = A"{x) + / Du)d»e{x) (3) 



From this we see that the averaging procedure gives a gauge-variant operator! Then where do we go wrong? The 
reason is the following: one can show that the functional integration J Dujd^0(x) cannot be consistently defined 
P|. Here we present the essential arguments. In any viable definition of functional integration over the gauge group 
the two properties J Dojf(u>) = J Dujf(u)^ v ) and J Duj j '(ujquj) = j Dujf(ui) must hold. Noting that d^0(x) — 
~iuj~ 1 (x)d fJ, u>(x), where uu(x) — e lSt - x \ we have 

DLud^e(x) - / Duxj- 1 {x)d^u{x) (4) 



Now we can show that the above mentioned two properties cannot simultaneously be satisfied when the integrand is 
uj~ 1 {x)d^uj{x). If we require the first property to hold this integration should be zero: 
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J Dcjcj- 1 (x)d^u(x) = J DLucj(x)d f "cj- 1 (x) 

= -J Duuj- 1 {x)d^uj{x) (5) 
If we require the second property to hold this integration should be infinity: 

DuLJ-\x)d^uj(x) = I Duj{uj Q {x)Lj(x))- 1 d^{uj Q {x)uj{x)) 

Dw(uQ 1 (x)d' 1 u! (x) +uj- 1 {x)d tl Lo{x)) 
= LJo 1 (x)d> i LJo(x)+ [ Dujoj- 1 {x)d'"uj{x) (6) 



/ 



/ 



So from the above analysis we see that the functional integration J Du>d^9(x) cannot be consistently defined. Now 
the situation is clear. The operator J DujO[4> u ] does not exist so of course we cannot talk about its gauge invariance. 
Therefore in this case the averaging procedure is erroneous and inapplicable. 
In the following we will investigate a general functional of A^ (x) of the form: 

K[A-x] = KW{x) + J dyK£\y-xW(y) + dydzK$(y,z;x)A»{y)A v (z) + ... (7) 

where K^°\x), Kjp(y;x), Kffi (y, z;x) etc. are suitable smooth functions or distributions in their arguments. We 
also assume that etc. have compact supports with respect to the variables y, z etc. Functionals expressible 

in this form should be called analytic functionals. 

Now we will derive a criteria for the gauge invariance of a general analytic functional. For this purpose we do an 
infinitesimal gauge transformation (A tl (y)) e = A^(y) + d^9{y) and take /f[A;a;] = K[A -. x]. Expanding both sides 
in terms of A^(y) and comparing the zeroth order, first order • • • terms gives(here we only keep 0(y) up to first order 
because it is infinitesimal): 

K<® (x) = K<® (x) + J dyK™ (y; x)d»6{y) (8) 



J dyK£\y-xW{y) = J dyK™ (y; x)A»(y) + ^jj dydzK$(y,z;x)(A»(y)d»6(z) + d»6{y)A v {z)) (9) 



Using eq(8) and integrating by parts gives(this is always possible because K^\y; x) has compact support with respect 
to y) 

d^K^(y;x) = (10) 

Similarly from eq(9) and using the symmetric property K$ {y, z;x) — K$ (z, y; x) we get J dyK^J {y, z; x)d^9{y) = 0. 
Using this equation and integrating by parts(for the same reason as above) gives 

d» y) K$(y,z;x)=0 (11) 

(Note that from the symmetric property of K ^ this equation automatically implies d" z ^Kj?J(y, z; x) = 0). From this 
kind of reasoning we can obtain the criteria for the gauge invariance of an analytic functional K [A; x] 

d^K^(y-x) = 
d{ y) K$ (y, z;x) = & d( z) K$ (y,z;x)=0 

(12) 

From this criteria we can see that an analytic functional is gauge-invariant if and only if each term in its Taylor 
expansion is gauge-invariant separately. 



2 



Now let us consider a polynomial-type analytic functional(an analytic functional with only finite terms in its Taylor 
expansion) and assume it is gauge- variant, ft is possible that some terms of it is gauge-invariant. If this is the case we 
can drop these gauge-invariant pieces because they do not affect the averaging procedure. Then we get a gauge- variant 
polynomoial-type analytic functional with its highest order term in A being gauge- variant. Now it is easy to see that 
the problem encountered in the averaging procedure for (x) (the undefinability of the relevant functional integral) 
must also exist in this case. Because if it does not formally integrating with respect to u> would yield a polynomial-type 
analytic functional with the same highest order term as the original one, which must then be gauge- variant. That is 
to say, in this case the averaging procedure must be erroneous and inapplicable. 

From the above analysis we can draw a conclusion: the averaging procedure is inapplicable for any gauge-variant 
local operator made out of the A field and/or its derivatives. This is because any such local operator can be expressed 
as some polynomial-type analytic functional in A. (here is an examples: (d ■ A{x)) 2 = J J dydzd^ 8{y — x)di x ^5(z — 
x)A»{y)A v {z)). 

Now we have proved that the averaging procedure is inapplicable for any gauge-variant polynomial-type analytic 
functional. In other words for the averaging procedure to be physically meaningful we must pay attention to analytic 
functional with infinite terms in its Taylor expansion Q or non-analytic functionals(for example the case of Faddeev- 
Popov trick where a distribution in A is involved) . 

In summary we have proved that the averaging procedure for constructing gauge- invariant functionals(or operators) 
out of gauge- variant ones must be inapplicable for a class of functionals (gauge- variant polynomial- type analytic 
functional in gauge fields)and especially for any gauge-variant local operator made out of gauge field and/or its 
derivatives. This work is supported in part by the NSF(19675018), SED and SSTD of China, and in part by the 
DA AD. 
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